Summary. Melatonin, at 
Introduction
The influence of the pineal gland on reproductive function has been shown to be mediated by its major hormonal product, melatonin (Cardinali, 1981) . The evidence available concerning the site and mechanism of melatonin action is conflicting but suggests that the overall response may be the result of action at central and peripheral sites in the hypothalamic-pituitary-gonadal axis. Early experiments described the distribution of tritiated melatonin; it becomes concentrated in the hypothalamus and mid-brain when administered into the CSF (Cardinali et al, 1973) and enters all tissues, but concentrates only in the ovary, eye and pineal gland when injected systemically (Wurtman et al, 1964) . Putative receptors for melatonin have been described in membrane (bovine) and cytosol (rat) fractions of various brain regions (Cardinali et al, 1979; Niles et al, 1979) and in the cytosol fraction of hamster and rat gonadal tissue and human ovaries (Cohen et al, 1978) .
A direct gonadal response to melatonin has been reported previously, including stimulation of progesterone secretion from human corpus luteum slices treated with pharmacological doses (MacPhee et al, 1975) . Melatonin stimulated basal progesterone but not oestradiol secretion in short-term incubation of rat granulosa cells (Fiske et al, 1984) but was inhibitory to testicular androgen production (Peat & Kinson, 1971; Ellis, 1972; Kano & Miyachi, 1976) . No response to melatonin was seen in bovine luteal cells in short-term incubation (Battista & Condon, 1986 (Jungclas & Luck, 1986) . The follicular fluid was aspirated by syringe and the granulosa cell layer was gently agitated to release the cells into a small quantity of culture medium. The resulting cell suspension and follicular fluid were centrifuged (10 min, 150¿») and the cell pellets combined, before washing twice more in culture medium and sampling for estimation of cell concentration. This procedure resulted in 8-15 106 cells per follicle; further details concerning follicle selection and cell preparation have been reported previously (Jungclas & Luck, 1986 
Assays
Melatonin. The concentration of added melatonin in treatment media was determined by a direct RIA as previously described (Webley et al, 1985) . This assay has a sensitivity of 8-6 pmol and intra-and inter-assay coefficients of variation of <60% and <16% respectively. In all exper¬ iments, the expected concentrations of melatonin were found in the medium after culture with granulosa cells.
Steroids. The concentrations of progesterone and oestradiol were measured by direct RIA kits purchased from RSL Inc. (Carson, CA, U.S.A.) and Sorin Biomedicai (Saluggia, Italy) respect¬ ively. These assays had working ranges and inter-and intra-assay coefficients of variation as follows: progesterone, 0-6-65 pmol/ml, 13%, 7-6%; oestradiol, 0-1-2-2 pmol/ml, 70% were exposed either to a continuous melatonin concentration of 200 pg/ml or to an 8-h period of exposure to 200 pg melatonin/ml followed by 2 periods with no added melatonin. These cells, cultured in DMEM, produced lower progesterone concentrations than those measured in the pre¬ vious culture, an overall decline in output probably reflecting the frequent changes in medium. However, continuous exposure to melatonin again significantly stimulated progesterone secretion, a small increase occurring after 8 h which reached significance after 16 h of culture (Fig. 2) . Exposure to melatonin for an 8-h period stimulated progesterone secretion to a level similar to that achieved under continuous exposure, and the effect was removed during the subsequent periods in which no melatonin was added.
Bovine granulosa cells were cultured in DMEM in a similar manner to human granulosa cells. There was a significant increase in progesterone in response to melatonin at doses from 100 to 400 pg/ml with the maximum response at 200 pg/ml (Fig. 3) .
Discussion
This study has described the effects of melatonin, at the physiological concentrations found in vivo during the circadian cycle (Webley et al, 1985) , on steroid production by human granulosa cells which had been induced to secrete luteal quantities of progesterone by being cultured in serumsupplemented medium. Melatonin, at high but not low physiological concentrations, significantly stimulated progesterone secretion. This response was independent of the overall level of cell activity and was seen under the different culture conditions (for example, differing energy content and amino acid composition) associated with different culture media. Although a linear dose-response relationship between melatonin concentration and progesterone secretion was not seen, the results suggest that the stimulation of progesterone secretion is dose-dependent and may start to occur at concentrations likely to be present during the dark phase of the circadian cycle (between 100 and 200 pg/ml). The stimulation of progesterone secretion became apparent after 16 h of culture (see Fig. 2 The cow shows a nocturnal rise in melatonin secretion of similar magnitude to that seen in humans (Martin et al, 1983) . Our observation of a stimulation of progesterone secretion by bovine granulosa cells treated with less than 1 nmol melatonin therefore shows that the effectiveness of physiological concentrations is not specific to human cells. The lack of response of bovine midluteal cells to higher concentrations of melatonin (10~5 to 10~7 m), reported by Battista & Condon (1986) , may reflect the short period of exposure used. Alternatively, responsiveness may be confined to granulosa or granulosa-derived cells and is therefore lost or reduced by the mid-luteal phase (Schwall & Niswender, 1985) .
Our observation of a stimulation of progesterone secretion but not of oestradiol secretion in human cells is consistent with that observed in the rat (Fiske et al, 1984) . The lack of aromatase stimulation was not the result of substrate limitation since male serum was used to supplement the cultures and would have provided androgen. A granulosa cell stimulation confined to the pro¬ gesterone compartment therefore suggests a number of possible mechanisms for melatonin action, including either a change in the rate of uptake of lipoprotein-bound cholesterol from serum, a change in the rate of intracellular lipoprotein catabolism and conversion of cholesterol to pro¬ gesterone, or a change in the rate of de-novo synthesis of progesterone from acetate. MacPhee et al (1975) described the stimulation of progesterone production by human corpus luteum slices, with pharmacological doses of melatonin and observed an increase in the incorporation of labelled acetate into progesterone. It therefore appears that melatonin may be able to influence de-novo synthesis but does not exclude the possibility that it also has a direct effect on cholesterol metabo¬ lism. It is also possible that the responsiveness of granulosa cells to melatonin may be potentiated by gonadotrophins, as reported for the rat by Fiske et al (1984) . In a previous investigation of the circadian pattern of melatonin during the human menstrual cycle (Webley & Leidenberger, 1986 ), a significant increase in the circadian melatonin output was observed during the luteal phase of the cycle. Higher melatonin concentrations were also recorded in subjects taking exogenous progestagens in the form of the contraceptive pill. These studies, together with the present results, indicate a positive relationship between melatonin and progesterone. Melatonin, via its direct action on the ovary, may increase the output of progesterone which in turn feeds back on the pineal gland to increase melatonin secretion. A change in the circadian pattern of progesterone secretion has not been reported in man but a nocturnal increase in secretion has been described for the rhesus monkey (Spies et al, 1974; Healy et al, 1984) . A mutual reinforcement between the two hormones may provide a mechanism through which the pineal gland could influence menstrual cyclicity.
